EUV lithography requires high performance resists. The mechanism of light absorbance and acid generation is very different in EUV resists than in previous generations of chemically amplified resists. Resist absorbance must be driven up instead of down, which will require that new elements be incorporated into the resist. Some hafnium-containing resists have shown promise while maintaining a satisfactory etch resistance. These capabilities need to be built upon, and other metals need to be tested. The physics of EUV light and the small feature sizes involved also mean that the industry will be challenged to overcome noisiness, rather than grayness. This will require better understanding of LWR) and likely post-processing treatment of resists to improve the LWR and process windows.
Introduction
Implementing EUV lithography involves a dramatic shrinking in wavelength from the current state of the art. The change in λ/NA from ArF immersion (193nm/1.35 = 143nm) to the expected λ/NA for first production type EUV (13.5nm/0.32 = 42nm) is a factor of 3.4x. In an industry for which a typical node change is to approximately 40% better resolution, this is a dramatic change; however, it shows great promise for increasing the fundamental lithographic resolution available to semiconductor companies. The industry has invested heavily in EUV lithography to make it a success. To realize the promise of this investment, quality photoresists are needed.
Developing a good EUV photoresist, however, cannot be done by simply extending current resist technology. The change in wavelength from ArF to EUV does more than just alter the lithographic resolution. It completely changes how light interacts with resist.
Each EUV photon carries 14x as much energy as an ArF photon. This increased energy per photon means that many fewer photons are available to catalyze resist polarity changes in the resist. This low number of photons and the sub-20nm feature sizes of interest indicate that we have reached the point at which the resist film can no longer be considered a homogenous mass with continuous intrinsic properties. Instead, a random distribution of photons and photoactive material at specific points in the resist must be simulated to reproduce the observed resist behavior. This randomness likewise leads to random deprotection of protecting groups in chemically amplified resists, which in turn gives substantial line width roughness (LWR) and can lead to random defects such as bridging and scumming. Modeling this random ("stochastic") behavior has become the focus of much simulation work [1] . This random behavior, or "noise," worsens as feature sizes become smaller, photoresist exposure doses are less, and wavelengths shrink.
In the past as the semiconductor industry fabricated smaller device feature sizes, imaging moved closer to the Rayleigh resolution limit [2] . In practice, this meant that the photoresist was exposed with an image that was less like a black and white picture and more like continuous gradations in greyness, where the difference between the aerial image of a line and a space was the difference between dark grey illumination and a lighter grey. The photoresist then had to turn this low contrast image into a step function; either resist is there or it is not after development. Given the tremendous progress in high resolution resists [3] and the slowdown in shrinking k 1 values with the advent of double patterning and now EUV, the industry has successfully approached the limits of "grayness." Now the challenge is to address the implications of greater stochastic effects as feature sizes continue to shrink. Hence "grayness" gives way to "noisiness."
In addition to addressing noisiness, the chemistry of EUV resists must also be adapted to absorb sufficient EUV radiation. The high energy of EUV photons means that EUV absorption is based on the atomic composition of a resist. This differs from previous resist generations in which absorption was based on the functional groups in the material. Basically everything absorbs some EUV light, but not everything absorbs enough light. In fact, classic resist chemistries used for ArF photoresists are unlikely to provide sufficient resist absorbance to take full advantage of the EUV photons.
EUV Absorbance
Actinic light from current and previous optical wavelengths used by lithographers has always interacted with chemical functional groups in materials. That is, the molecular structures of the chemicals in the photoresist determined the most significant role in light absorbance since the photon energy was similar to the energy of molecular electrons moving from one orbital to another. Thus a chromophore in a photoresist would be designed to absorb a photon and transition to an excited state. The excited state would then react and generate a new functional group, thus altering the chemistry of the photoresist. The chromophore was usually part of a specific photoactive group separate from the polymer that made up the bulk of the resist film. Photoresists were designed with light absorbing chromophores and transparent polymers to maximize the chemical effect of absorbed radiation.
In EUV, the photons are so energetic that no molecular or even atomic transition is close to their energy. Instead they interact with individual atoms. EUV absorbance behavior is described by an atomic cross section; it can be calculated by knowing only the atomic composition of a material and its density [4] . The absorbance of the photon ionizes the atom and ejects a free electron. The energy of the electron is the original energy of the photon minus the energy needed to ionize the atom. Because the ionization energy of atoms is much lower than the energy of an EUV photon, the emitted electron has a high residual energy and will interact further with the compounds in the resist, usually generating more electrons and causing chemical reactions. As more electrons are generated, the average energy diminishes. When the energy is low enough, the electrons can then react with functional groups in the photoresist materials (which perhaps could be called "electrophores" instead of chromophores).
Figure 1 displays the scattering cross sections of various atoms in the periodic table [4] . This graph shows that everything absorbs EUV light, but some elements much more than others. There is no consistent trend with atomic weight. Calculated absorbances of some particular compounds representative of the types of materials commonly found in resist are shown in These values should be compared to the absorbance a typical resist film would need. Three authors have independently calculated that the appropriate absorbance for the maximum photospeed of a resist film is 43.4% for the total film [8, 9, 10]. This ensures that the most light possible is absorbed into the bottom layer of the film and thus that the photochemistry is maximized. Maintaining a film absorbance of 43.4% as resist films become thinner requires the intrinsic absorbance of the photoresist to be increased. Table 2 shows the necessary absorbance per µm for 43.4% absorbance for the film as a whole as a function of photoresist film thickness. High absorbance can lead to other effects, particularly sloped profiles; therefore, most resists have less absorbance than the amount needed for maximum photospeed, especially when photospeed is not the formulator's major concern. For EUV resists, for which photospeed is clearly an issue, an absorbance of 20 to 25% has been recommended [5] . At a film thickness of 30nm, which might be typical for the 16nm half-pitch node, 43.4% absorbance requires an A+B value of 27.8. Therefore, for a film absorbance of 20%, an A+B of 13 in the resist is required. Photoresists comprised of light elements only would need almost perfluorinated polymers to achieve this value. Research into 157nm resists has shown such resists can be made, but they have issues with etch resistance [11, 12] . This suggests that EUV resist formulators would do well to incorporate significant amounts of heavier higher absorbing elements in their formulations. Recent work on hafnium resists has shown that this approach has considerable promise for creating high resolution materials with high etch resistance [6, 7] . 
Noisiness and Grayness
The high energy of EUV photons has another implication. The number of photons in an exposure is the dose divided by the energy of each photon. Consequently, in an EUV exposure of 20mJ/cm 2 , there are 14x fewer photons than in an ArF exposure of the same dose. The standard deviation in the number of photons in a given exposure dose goes up as the inverse of the square root of the number of photons. The low number of photons in each EUV exposure compared to an ArF exposure, for example, increases the stochastic variation of the exposure dose as well as the stochastic variation of polymer deprotection in a chemically amplified resist. This has two major implications for EUV resist. One is that size may vary significantly from one identical feature to another even when all the exposure conditions are the same [13] . The other is that LWR and noise effects will become worse as the film gets thinner, unless more light per micron is absorbed.
The change in LWR with resist thickness is a particularly difficult hurdle because other factors exacerbate the effect. Typical state of the art EUV resists create about four acid deprotection events, which is good because it makes efficient use of the energy in each EUV photon and results in faster photoresists. However, the number of acids generated per absorbed photon is a random output. This increases the random variation in the number of deprotection events for a given exposure dose. Just as the noise in absorbed photons worsens as films get thinner, so will the noise in acids generated per photon. These two effects will add to each other.
Another factor that will increase LWR as films get thinner is measurement effects. Compare Figures 2a, 2b , and 2c. The figures show simulated LWR versus film thickness for a SEMATECH baseline resist using a stochastic resist model. They also show the standard deviation of the LWR when 100 individual stochastic trials are run. In each figure, the LWR is measured for a 30nm resist line on a 60nm pitch exposed with quadrupole illumination on the SEMATECH/CNSE microexposure tool (MET) in Albany, NY. In each simulation, the dose for each film thickness was adjusted to make the critical dimension (CD) of the line between 29nm and 30nm. Figure 2a shows the LWR as measured 20nm down from the top of the resist line with no vertical averaging. The LWR values and the standard deviation values are constant. This is because the dose required and the number of photons used in the slice of photoresist 20nm below the top of the line is the same when it is exposed to a constant CD at that point, no matter how much resist is below that 20nm slice. The simulated values are much higher typically observed experimentally [14] , because actual measurements of LWR look down from the top of the resist and effectively do some vertical averaging, thus reducing some of the observed roughness. Figure 2b shows a measurement at the same point on the same lines of resist but using a "weighted" measurement that includes some vertical averaging [15] . The actual values are still high, but more realistic than before. Figure 3c shows a more realistic measurement condition for which the CDs and the LWR are measured 25% above the bottom of the film. Now the change in LWR with line thickness is more pronounced. This change in measured LWR may reflect real issues that increase as photoresist films get thinner. Reactive ion etching of a substrate with photoresist used as an etching mask will transfer some of the photoresist LWR into the substrate. Since dry etch is usually a vertically-oriented process, some averaging of the resist LWR is likely during the etch process, too. As resist films become thinner, less vertical LWR averaging occurs for both the etch and the measurement. This is likely to increase LWR after etch when the photoresist mask becomes thinner. 
Current EUV Photoresist Status
Current state of the art photoresists show significant progress since the industry first began to develop EUV resists. SEMATECH regularly tests state of the art EUV resists using the highest resolution tooling available. Figures 3, 4 , and 5 show the progress over time in improving photospeed, sensitivity, and resolution, the well-known resist RLS triangle [16, 17, 18] . Resolution versus sensitivity for resists tested at SEMATECH Key for Figures 3, 4 and 5. Resolution versus LWR for resists tested at SEMATECH Clearly, substantial progress has been made in resolution over the past two years. A photo of a recent result is shown in Figure  6 . Much of the resolution improvement is due to better exposure tool resolution, but not all of it. However, the best LWR observed has not changed much except for slight progress in resists with a slow photospeed. Note the graph of observed Z values [19] over time as shown in Figure 7 . The greatest difference in Z value comes from improving the aerial image as seen by the different shaped points. Over time, Z values improve only marginally for equivalent exposure conditions. This slow improvement may reflect exposure-limited performance of the photoresists and/or the limited EUV exposure cycles photoresist developers have had to work with over the past couple of years. 
Post-Processing of EUV Resist
Given that the intrinsic LWR of resists is improving so slowly, many innovative approaches to improving LWR and the process window have been tried, such as underlayers, rinses, and other treatments. Numerous processes have demonstrated enhanced LWR performance. These treatments generally fall into one of three categories. One category includes techniques that either physically or chemically remove material from the sidewalls of the resist to smooth them. Examples include etch trimming, chemical slimming, ozonation, and ion implantation [20, 21] . The second category involves processes that chemically add material to the resist sidewalls to smooth them. Examples include a variety of rinse materials and resist smoothing techniques. [22] The third category involves physical changes, including mild melting, reflow, or shrinkage of the material, and techniques such as laser annealing, VUV curing, and e-beam curing [20] . All of these techniques need to be carefully engineered to avoid significant CD changes, resist top loss, and degradation of CD uniformity control.
Considering the plethora of techniques, combining several in an additive fashion to drive LWR to the ITRS specifications has shown promise, but has yet to approach 2nm or below. Improvements in the 25-30% range have been demonstrated by combining process techniques, moving LWR from ~5nm to approximately 3.5nm [23] . However, these improvements frequently affect the high to middle frequency range of the power density spectrum. The low frequency range, which has the greatest impact on CD changes, demonstates little improvement.
Combining an alternative developer and a surfactant rinse to mitigate pattern collapse has proven significantly more successful than using just the individual components. As shown by Petrillo et al., [24] , the use of only a rinse improved the collapse margin by ~2.5nm, but when combined with TBAH developer, the collapse margin increased by an additional 6-7nm.
Underlayers are an example of materials that have been shown to improve LWR, sensitivity, and pattern collapse. George [25] in a study of the impact of underlayers concluded that their contributions were influenced more by chemical interactions than by the physical roughness of the underlayer. Nissan Chemical [26] identified the acidity of the underlayer and high film density as two important factors in underlayer design that can help improve line edge roughness (LER) in resist film. Higgins identified the correlation of underlayer coefficient of thermal expansion (CTE) and LWR [26] .
Directions Forward
Since EUV resists must be fast, all available light must be used efficiently. Hence, the absorbance of photoresist films must be increased and understanding of how secondary electrons are generated and what they do improved. In addition, better understanding of LWR is necessary, both of how resists can be designed to improve LWR and how other processes and materials can improve LWR. SEMATECH has and continues to sponsor research in these areas. Results from Inpria and from SEMATECH-sponsored research indicate that such resists are feasible. Figure 8 shows an example of such a resist developed under a SEMATECH-sponsored program [6] . It is based on hafnium and imaged at EUV. It has a high photospeed (6.6mJ/cm 2 ) and reasonable resolution. Inpria has also demonstrated hafnium-based resists. Their hafnium material exhibits world leading resolution at a slower photospeed [7] . Cross sections show no signs of the sloped sidewalls that might have been expected if absorbance were too high. Clearly, these systems have potential, but much more work is needed, not only on the hafnium systems but also on systems containing other highly absorbing elements. SEMATECH has also sponsored work on LER and the mechanisms that cause it. Some results are expected. For example, LWR worsens as the film gets thinner. However, other results were a surprise. Synthesis of higher absorbant polymers using fluorine as the absorber made the resist LWR worse, not better [28] . Research is underway to enhance our understand of this phenomenon.
Stochastic modeling of chemically amplified resists indicates that LWR is an intrinsic feature of these resists. In chemically amplified resists, the amplification provides a usable photospeed and takes place by having one photo-generated acid do many deprotection reactions. It is worth asking whether some other high speed photoresist mechanism that did not depend on acid amplification would alter the photospeed/LWR trade-off. SEMATECH is also sponsoring research in new resist chemistries that have the potential to provide this benefit.
Summary
EUV resists have made good progress and exhibit excellent resolution, but they still are unable to meet current industry targets. LWR must be improved without sacrificing photospeed, and the EUV absorbance of the materials must be pushed upwards in a way that makes productive use of secondary electrons. New chemical resist solubility switching mechanisms need to be investigated
